A twenty-year period of severe land subsidence evolution in the Alto Guadalentín Basin (southeast Spain) is monitored using multi sensor SAR images, processed by advanced differential 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 Guadalentín aquifer system. The negative gradient of the pore pressure is responsible for the extremely slow consolidation of a very thick (>100 m) layer of fine-grained silt and clay layers with low vertical hydraulic permeability (approximately 50 mm/h) wherein the maximum settlement has still not been reached.
64 65
Introduction
Land subsidence triggered by the overexploitation of aquifers represents a common hazard impacting extensive areas worldwide. For instance, well-known examples of pumping-induced subsidence affected the Antelope valley in California (Galloway et al. 1998) , the North China Plain (Changming et al. 2001) , Bangkok in Thailand (Phien-Wej et al. 2006 ) and the city of Bologna in Italy (Stramondo et al. 2007 ). This type of land subsidence causes permanent inundation of land, aggravates flooding, changes topographic gradients and thus causes infrastructure damage, ruptures the land surface, and reduces the capacity of aquifers to store water, posing a risk for the society that can have a sound economic impact (Holzer and Galloway, 2005) . For these reasons, mapping and monitoring the areal extent and temporal evolution of this phenomenon are critical. Differential SAR interferometry represents an advanced remote sensing tool capable of mapping displacements over wide areas at a very high spatial resolution and with a lower annual cost per measurement point and per square kilometre than other conventional techniques such as GPS, topographic measure and extensometers (Tomás et al. 2014 ). According to Sansosti et al. (2010) , advanced DInSAR techniques can be grouped into two main categories: persistent scatterer (PS) methods that work on localized targets (Ferretti et al . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 spatially distributed targets (Lundgren et al. 2001; Berardino et al. 2002; Mora et al. 2003; Schmidt and Burgmann 2003; Prati et al. 2010 ). In the past decade, several works have focused on the application of these methods to monitor pumping-induced subsidence and to understand the relationship between changes in pore-fluid pressure and aquifer system compaction (e.g., Hoffmann et al. 2001; Declercq et al. 2005; Herrera et al. 2009 ). Therefore, more case histories are necessary to improve the characterization of the spatio-temporal responses of aquifer systems to hydro-mechanical stresses and to learn to manage the effects, which can be triggered in geologically similar areas.
A recent study (González and Fernández, 2011a) revealed that the Alto Guadalentín Basin, located in southern Spain, is affected by the highest subsidence rates measured in Europe (>10 cm/yr) as a direct consequence of long-term aquifer exploitation. In particular, the authors used ERS and ENVISAT data from 1992 to 2007 to identify a delayed transient nonlinear compaction of the Alto Guadalentín aquifer due to the 1990-1995 drought period. Land subsidence due to groundwater exploitation in this region was also detected by Rigo et al. (2013) through the analysis of ENVISAT data, reaching a maximum velocity value of 7.3±0.9 cm/yr during the period 2004 , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 level changes in the past 50 years. The comparison of these data with advanced DInSAR displacement measurements allows for better spatial and temporal understanding of the governing mechanisms of subsidence due to overexploitation of the Alto Guadalentín aquifer system.
Study area
The Guadalentín Basin is located in the Murcia Province, southeast Spain. It is filled by NeogeneQuaternary sediments transported by the Guadalentín River along an intramontane depression located in the eastern part of the Baetic Cordillera, which is an ENE-WSW-oriented alpine orogenic belt resulting from the ongoing convergence of the African and Iberian plates (Bourgois et al., 1992; Martínez-Díaz, 2002; Masana et al., 2004; Gràcia et al., 2006; Palano et al., 2013) . The Guadalentín is a tributary river of the Segura River and forms the Alto and Bajo Guadalentín sub-basins, where Lorca City developed (with approximately 100,000 inhabitants). The basin is mainly filled by Quaternary alluvial fan systems that overlap with Tertiary deposits that are mainly composed of conglomerate and calcarenite sediments that outcrop at the border of the basin. The prevailing NE-SW-oriented Alhama de Murcia Fault (AMF) crossing along these deposits (Figure 1a ) represents the main active fault system of the study area (Martínez-Díaz et al., 2012) . Underneath this sequence of materials, pre -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 deep. In the N-E sector, the Alto Guadalentín aquifer is laterally linked to the multi-layer aquifer system of the Bajo Guadalentín aquifer (CHS, 2014) . The transition zone between the two aquifers is characterized by thick clay layers that lose lateral continuity towards the Alto Guadalentín; therefore, locally semi-confined aquifers can be found in this zone. The spatial variability of the clayey material's thickness is evident from analysis of the available lithological columns (explained in subsection 4.1).
Since 1960, agricultural development has led to the exploitation of the aquifer system, which resulted in the aquifer being declared temporarily overexploited in 1987 (CHS, 2006) . Although in the past, the piezometric level was close to the surface and artesian wells were exploited, groundwater drawdown became apparent in 1972 (Cerón and Pulido-Bosch, 1996) . In 1988, the amount of extraction reached a maximum historical value of 77.6 hm 3 /year (IGME 1994). After 1988, a general reduction of pumping and/or abandonment of wells were recorded due to CO 2 pollution of groundwater resources and to new sources of water transferred from the Tajo River to the Segura River (Cerón and Pulido-Bosch, 1996) .
In 2004, the last recorded extraction volume value was 43.3 hm 3 /year, with a reserve of 10 hm 3 /year. A 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) . After 1992, water depletion mainly occurred in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37 were processed independently using DORIS interferometric software (Kampes et al., 2003) to handle all SAR data, including co-registration and interferogram generation. By adopting the small baseline approach (Berardino et al., 2002; González and Fernández, 2011b) , we generated a line of sight (LOS) displacement time series using StaMPS software (Hooper, 2008) . To determine the temporal evolution of the displacement, we merged the two results. Considering that ENVISAT-ASAR results were spatially denser (45% more than the ERS, see Table 1 ), we used nearest-neighbour interpolation to transfer the ENVISAT-ASAR time series results to the ERS master grid. The two time series products were subsequently combined by minimizing the linear velocity change between the two separated time series (González and Fernández, 2011b) . From this, we obtained a continuous time series of displacements for all pixels selected in the ERS dataset (7747 PS, see Table 1) In both cases, a 25-m photogrammetrically derived digital elevation model was used to remove the topographic interferometric phase and to perform the final geocoding of results. Note that because the different sensors measure displacement using different incidence angles, the capacity to measure the vertical component of the displacement differs. For instance, ERS-1/2 and ENVISAT have a 23°
incidence angle, which permits the detection of 92% of vertical displacements, whereas ALOS and COSMO-SkyMed satellites only measure 83% and 75% of vertical displacements, respectively. 
Advanced DInSAR results
The persistent scatterer density retrieved from the combined ERS and ENVISAT dataset is approximately 4 to 99 times smaller than that obtained using the ALOS PALSAR and the COSMOSkyMed datasets, respectively (see Table 1 ). This variability is related to the spatial resolution of every sensor, the capacity to penetrate vegetation (which depends on the wavelength), temporal sampling and the type of processing.
In this case, we considered a threshold of 1 cm/year to indicate an area affected by significant subsidence. As a consequence, annual velocities in the range of ±1 cm/yr are considered stable ( Figure   3 ) and are color-coded green, whereas yellow to red pixels indicate movement away from the satellite (subsidence). Less than 1% of all PS show uplift; these are depicted in blue. 3a to 3c). Note that the spatial extent of severe subsiding areas (faster than -10 cm/yr) has been reduced from 14.4 km station is located in a relatively stable zone, while LORC is located in an area affected by higher subsidence rates. Raw GPS observations were processed using GAMIT/GLOBK software packages (Herring et al., 2010) by following the approach described by Palano (2015) . To improve the overall configuration of the network and to tie regional measurements to an external global reference frame, data from ~15 continuously operating global tracking stations, largely from the EUREF ( We are aware that the use of only two GPS stations to sample a limited sector of the study area cannot adequately validate the DInSAR displacements over the entire investigated area. Unfortunately, the lack of additional measures of the vertical ground deformation field (e.g., levelling measurements and episodic GPS measurements) prevents us from validating the DInSAR displacements with independent measurements at the scale of the basin.
Results analysis
In this section, the InSAR data derived from three independent processes are spatially and temporally cross-compared with triggering factors (piezometric level variations) and conditioning factors of subsidence (the type and thickness of the different lithologies). Note that the analysis of the relationship between the groundwater overdraft, aquifer compaction and ground subsidence suffers from the low spatial resolution of geological and hydrogeological data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 To solve this mismatch, we developed a soft soil thickness map (Figure 1c ) based on the stratigraphic information available from 23 boreholes drilled for water pumping and hydrological research in the 1960s. The soft soil thickness for each borehole was calculated as the total thickness of the silt and clay-type layers located over the upper layer of gravels above the substratum. An ordinary Kriging interpolation method was used to predict the soft soil thickness where borehole data were lacking. It can be observed that soft soils thicker than 100 m are located in the central part of the basin towards the northeast (Figure 1c) , whereas towards the southwest and bordering areas of the basin, thinner soft soils are found. In this case, the relationship between soft soil thickness and subsidence rates estimated from the different satellites is straightforward; i.e., maximum subsidence rates are 
Comparison with lithology

Comparison with piezometry
Ground surface displacements estimated using advanced DInSAR were compared with groundwater variations observed spatially for the different time intervals (Figures 6 and 7) , as well as with local data recorded by piezometers (Figure 8 ). (Fig. 6c) . Therefore, it is reasonable to consider that the displacements observed from 1992 to 2012 could be due to the piezometric drawdown beginning in the 1970s, which corresponds to a longer delayed compaction process than that suggested by González and Fernández 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 7b, there seems to be a deceleration during the period 2011-2012 with respect to previous periods (1992-2007 and 2007-2010) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 González and Fernández (2011a), which was followed by piezometric recovery until 2012 when the subsidence progressively decelerated (Table 3 ).
In Overall, a clear correlation between groundwater level drawdown and subsidence accelerations/decelerations is not observed (Table 3, Figure 8 ). This uncorrelation is related to the presence of very thick (>100 m) unconsolidated sediments (clay and silts) that are responsible for an apparent time delay between water level depletion and ground surface displacement. Indeed, most of these fine-grained silt and clay layers with low vertical hydraulic conductivity (approximately 50 mm/h) and slow deformability have been drained since the 1970s due to the negative gradient of the pore pressure as a result of aquifer overexploitation (Figure 2h ).
Subsidence analysis
The calculation of subsidence-induced ground settlement (δ) triggered by groundwater abstraction is usually performed with consideration of three parameters: (a) the thickness of deformable soils (H), which is spatially correlated with the calculated settlements discussed in subsection 4.1; (b) the variation in the stress state due to groundwater drawdown (Δh) since the 1970s (subsection 4.2), which is responsible for the effective stress increase, causing the consolidation of deformable soils; and (c) the deformability of the soil, which mainly depends on the nature of the different layers that constitute the aquifer system and its geological history. 
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Under a certain effective stress increase, a larger deformation is expected in soil than in rock, and a normally consolidated soil is potentially more deformable than an overconsolidated soil (Tomás et al. 2010b ). This can be clearly observed in Figure 3 , in which lower values of subsidence are found in the border area and the reliefs. In these areas, older rocky lithologies are generally present, in comparison with the younger Holocene sediments that fill the valley and exhibit the greatest subsidence values.
The settlement calculation derived from these three parameters corresponds to the deformation (δ) of the soft soil thickness (H) after the whole excess pore pressure (u) induced by a piezometric level change has been dissipated. Therefore, during transient situations of the soil consolidation process (i.e., those situations in which u0), settlement will be lower than δ. Consequently, the magnitude of the settlement measured at certain times during the consolidation process will also depend on time. Hence, the total deformation will only be reached when all of the excess pore pressure is drained from the soil.
This process can be very quick for permeable soils (at times, almost instantaneously) or quite slow (years to decades) for fine soils with very low permeability.
Pumping tests performed in the Alto Guadalentín basin differentiate four typologies of soils and hydrogeological behaviours (CHS, 1990): highly fine soil (interbed) with a permeability value lower than 50 mm/h, fine soil with a permeability value of 50-90 mm/h, medium soil with a permeability value of 90-120 mm/h, and coarse soil with a permeability value of up to 120 mm/h. Therefore, due to the low vertical hydraulic permeability of fine-grained silts and clays (approximately 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 InSAR and GPS data (Figures 4 and 8) , which indicates that the aquifer system deformation is suffering a deceleration that coincides with the theoretical consolidation curves obtained from laboratory tests for unconsolidated sediments. In the future, the execution of a deep geotechnical borehole will allow for laboratory tests to be conducted to clarify the role of soil deformability and to model the behaviour of this aquifer system.
Discussion
In this paper, subsidence triggered by overexploitation of the Alto Guadalentín aquifer system is investigated through the collection and analysis of geological and hydrological information combined with displacement maps and time-series retrieved from multi-sensor and multi-temporal SAR images. Retrieved subsidence maps reveal a 13 km x 4 km SW-NE lengthened subsidence area parallel to the Guadalentín valley direction, which exhibits subsidence rates higher than 5 cm/yr and a 250-cm maximum cumulative displacement in the 20-year monitoring period.
Although the area affected by subsidence is similar among the different monitoring periods and sensor resolutions, there seems to be a slight deceleration during the period 2011-2012 with respect to the previous periods (1992-2007 and 2007-2010 
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The Alto Guadalentín aquifer system is formed by Plio-Quaternary and Miocene detrital materials that can reach 400 m deep with a lower impermeable limit formed by Mesozoic marls and conglomerates.
Although the presence of Plio-Quaternary sediments coincides well with measured displacements, there is not a direct relationship between their thickness and the magnitude of the displacement rate.
This can be explained by the spatial variability of the grain size and the thickness of Plio-Quaternary sediment.
Stratigraphic information from 23 boreholes drilled for water pumping in the 1960s was analysed to determine the spatial variability of Plio-Quaternary sediments. An area of 22 km 2 where soft soils (i.e., clays and silts) are thicker than 100 m has been identified in the central part of the basin towards the northeast (Figure 1c) , where the transition zone between Alto and Bajo Guadalentín aquifers is found.
Contrarily, on the bordering areas of the basin and particularly towards the southwest, thinner compressible soils alternate with thick layers of gravels and conglomerates from alluvial fans, colluviums and piedmonts (Silva et al. 2008) . In this case, a clear correlation is observed between measured displacement rates and the soft soil thickness map.
Recompilation and analysis of the available piezometric information has provided a qualitative estimate of the spatial and temporal evolution of groundwater drawdown between 1975 and 2012 ( Figure 2 ). This analysis reveals that the most intense groundwater drawdown occurred from 1975 to 1992 (215 m maximum), followed by a partial recovery and groundwater level stabilization until 2012.
Currently, most of the pumping wells are located in this southern and southwestern sector of the aquifer, which is responsible for the deficit of the groundwater reserve.
Comparison of the spatial and temporal evolution of the aquifer groundwater level to estimated displacements does not reveal a clear correlation between groundwater level variations and subsidence rate changes. As previously reported by Rigo et al. (2013) , the aquifer system is affected by inelastic, unrecoverable and permanent deformation, indicating a delayed compaction process longer in time than that suggested by González and Fernández (2011a) . 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 This hypothesis is supported by the presence of a very thick (>100 m) soft soil layer with a very low permeability (approximately 50 mm/h), which is responsible for the very slow consolidation process.
Indeed, most of the fine-grained silt and clay layers with low vertical hydraulic conductivity have been drained since the 1960s due to aquifer overexploitation and the negative gradient of the pore pressure has persisted since that time (Figure 2h ). This negative gradient is responsible for a delayed consolidation process, wherein the maximum settlement has still not been reached.
This hypothesis is in agreement with the observed trend of time-subsidence curves derived from InSAR and GPS data, which indicate that the aquifer system deformation is suffering a deceleration coinciding with the theoretical consolidation curves obtained from laboratory tests for unconsolidated sediments. In the future, the execution of a deep geotechnical borehole allows for laboratory tests to be conducted to better understand the role of soil deformability and to model the behaviour of this aquifer system.
Conclusions
In this paper, the combined analysis of geological and hydrological information with displacement maps and time-series retrieved from multi-sensor and multi-temporal SAR images generates several novel conclusions with respect to previous works:
1) A 20-year spatio-temporal evolution of subsidence was determined using DInSAR techniques where the accumulated subsidence due to overexploitation of the Alto Guadalentín aquifer system reaches maximum values of 2.5 m. Additionally, the satellite measurements provide locally comparable results with measurements acquired by two permanent GPS stations located in the study area.
2) The spatial variability of the grain size and thickness of Plio-Quaternary sediments was determined, informing the development of a new soft soil thickness map, which correlates well with the magnitude of measured displacements. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   20 3) The spatio-temporal evolution of groundwater between 1975 and 2012 revealed that the most intense drawdown occurred from 1975 to 1992 (215 m maximum), followed by partial recovery and groundwater level stabilization until 2012; this points to an unclear correlation with the displacement time series.
These findings suggest that the aquifer system is experiencing a very slow consolidation process where a very thick soft soil layer with low permeability has been drained since the 1960s due to aquifer overexploitation. As a result, a negative gradient is maintained in this layer, which creates a delayed consolidation process wherein the maximum settlement has yet to be reached . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22 Cerón, J.C., and Pulido-Bosch, A. (1996) . Groundwater problems resulting from CO2 pollution and overexploitation in Alto Guadalentín aquifer (Murcia, Spain 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 25 Kampes, B. M., Hanssen, R. F., Perski, Z. (2003, December) . Radar interferometry with public domain tools. In Proceedings of FRINGE (pp. 1-5).
Lundgren, P., Usai, S., Sansosti, E., Lanari, R., Tesauro, M., Fornaro, G., Berardino, P. (2001) .
Modeling surface deformation observed with synthetic aperture radar interferometry at Campi Flegrei caldera. J. Geophys. Res., 106 (B9), 19355-19366, doi:10.1029 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 3 . Piezometers dataset. The water level variations, the subsidence and the rate of the displacements considering three time intervals (1992-2007, 2007-2010, 2011-2012) and for the whole monitored period (1992-2012) are specified for each piezometer. The rate indicates the vertical velocity measured at the PS closest respect to the piezometer. CSK stands for the COSMOSkyMed data. 
